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ABSTRACT
Design of offshore wind turbine (OWT) is primarily driven by serviceability limit state. The
fundamental frequency of OWT shall be placed far from rotor frequency and wave frequency.
The fundamental frequency and response alters due to long term cyclic load and soil stiffness
degradation. Current design codes advocate beam on Winkler model using American Petroleum
Institute (API) based cyclic p-y curves. Major drawback of p-y model is that it cannot capture
cyclic degradation of soil due to cyclic loading. This study examines the response and
fundamental frequency of OWT based on model experiments. Experimental observations show
that the fundamental frequency of OWT system decreases due to increase in load cycles and
amplitude. A rational soil-pile interaction model is developed using Winkler’s hypothesis which
is capable of predicting the fundamental frequency and response under long term loading. Finally
limitations of p-y analysis is outlined with respect to a 5 MW OWT.
INTRODUCTION
Offshore wind turbine (OWT) is a tall flexible structure supported on monopile foundation
installed at shallow water depth (20 - 30 m) (DNV-OS-J101, 2010). Design of OWT structure
requires estimation of the fundamental frequency to avoid resonance due to rotor frequency (1P),
blade passing frequency (3P) and wave frequency (Bhattacharya 2014). Dynamic response of the
monopile-tower system and stability of the structure are of great importance to an OWT system
in the current design paradigm (Feld 2001, GWEC 2011). The serviceability limit state (SLS) of
excessive rotation at monopile head at mud line also governs the design (Lesny et al. 2004).
Prediction of responses and the fundamental frequency of OWT system requires appropriate soilstructure interaction model. In general, API (2011) based cyclic p-y curves are widely used to
model soil resistance (Andersen et al. 2012, API 2011, Damgaard et al. 2013, DNV-OS-J101
2010, Mostafa and El Naggar 2004). However, API based cyclic p-y curves were developed for
small diameter flexible piles. It has been observed that, it overestimates the soil reaction at
greater depth and underestimates at the top of large diameter monopiles (Bekken 2009, Lombardi
et al. 2013). Moreover, the cyclic p-y curves were proposed for less than 200 cycles of loads
(Achmus et al. 2009). However, OWT is subjected to millions cycles of loading and extreme
wind and wave loading which is not considered in the development of cyclic p-y curve
(Lombardi et al. 2013). Based on field and experimental observations it was reported that the
foundation stiffness of OWT structure changes due to cyclic loading which cannot be captured in
the p-y model (Lombardi et al. 2013, Li et al. 2010, LeBlanc 2009). Various design codes
recommended p-y curves for the estimation of ultimate pile capacity, however no explicit

guideline is yet available in recent design codes to predict the change of the soil stiffness under
long term loading. Several previous studies also used p-y based Winkler foundation model for
the prediction of the fundamental frequency of OWT (Carswell et al. 2015, Damgaard et al.
2013, Andersen et al. 2012).
Based on scaled model tests several researchers investigated the change in the
fundamental frequency of OWT system due to long term cyclic loading (Lombardi et al. 2013,
Bhattacharya et al. 2011, Bhattacharya and Adhikari 2011). It has been observed that the
fundamental frequency of the system changes with foundation flexibility (Martinez-Chaluisant
2011). Guo et al. (2015) verified the dynamic response of OWT in sand. They observed that the
increasing trend of natural frequency up to certain load cycles and beyond which it decreases.
The variation in natural frequency and damping is evaluated due to change in strain level
surrounding the pile in kaolin clay considering a group of similitude relationships for different
loading conditions (Lombardi et al. 2013). They observed that the fundamental frequency of
monopile supported wind turbine foundation on clayey soil changes with load cycles.
In this study, a Winkler based soil-pile interaction model is proposed that captures the
changes in fundamental frequency and responses of OWT founded in clay due to long term
cyclic loading. Dynamic response of monopile supported offshore wind turbine in clay is
examined considering a scaled model OWT. The numerical model is calibrated with respect to
the measured fundamental frequency and lateral deflection for different number of load cycles
from the experimental observations. The results from numerical model is also compared with
conventional p-y model. Degraded stiffness model is proposed in this study to incorporate the
change in the fundamental frequency and rotation with number of cycles. The results are also
compared with API based model. Finally limitations of p-y analysis is shown considering a real 5
MW OWT.
EXPERIMENTAL MODEL
A 5 MW monopile supported prototype OWT structure is selected in this study. Monopile and
tower is modelled using 1:100 scale model for experimental tests. Table 1 shows the selected
parameters for prototype and model structure. Scaling laws are used in a non-dimensional form
for prototype and model to develop the similitude relationships. Kaolin clay is used to prepare
the soil bed which is widely used in experimental study (Lombardi et al. 2013). Liquid limit and
plastic limit of the soil are 49% and 27% respectively. Compression index is evaluated as 0.05
for kaolin clay and saturated density is 1450 kg/m3. The natural frequency, damping, shear
modulus and stiffness of soil-pile are measured in every load cycles. The shear modulus is also
measured initially for different depth at 3 locations in kaolin clay bed. A photograph of
experimental program and schematic diagram are shown in Figure 1. The cyclic loading is
applied using vibration shaker to the OWT system which having different load amplitudes,
frequencies (2 Hz and 5 Hz) and cycle number (50000 cycles). Load amplitude is measured by
force sensor. The responses are measured considering two LVDTs attached to the towermonopile system. Rotor nacelle mass is presented as lumped mass as shown in Figure 1. The
tower and monopile are considered as hollow cylindrical section with uniform diameter and
thickness.

Table 1. Selected parameters for prototype and model
Parameter
Symbol Prototype
Model
Tower height (m)
Ht
100
1
Tower diameter (m)
Dt
7
0.07
Tower thickness (m)
tw
0.07
0.005
Monopile length (m)
Lp
50
0.5
Monopile diameter (m)
D
7
0.07
Monopile thickness (m)
tw
0.07
0.005
Monopile mass (kg)
Mp
598164.7
1.35
Tower mass (kg)
MTower
1195723
2.71
RNA mass (kg)
MRNA
310000
0.70
Young's modulus of tower and pile (N/m2) E
2.1×1011
7×1010
Material
Steel
Aluminium
3
Density of tower and pile (kg/m )
ρ
7850
2656
3
Unit weight of tower and pile (N/m )
γ
77008.5
26055.36
Yield stress of tower and pile (N/m2)
σy
5.50×108
2.50×108
7
Shear modulus (Pa)
G
8.00×10
5.33×106
Undrained shear strength of clay (kPa)
su
14
14
Coefficient of permeability (m/sec)
kh
1.00×10-9
1.00×10-10
y
Point of application from soil bed (m)
65.7
0.78
6
P
Total horizontal load (N)
2.63×10
2000
f
Loading frequency (Hz)
0.25 Hz
5 Hz
(a)

(b)

Figure 1. (a) Photograph of experimental program and (b) Schematic diagram of test setup.

METHODOLOGY
API based p-y model
API (2011) and DNV-OS-J101 (2010) based cyclic p-y curve is used as the soil resistance in this
present study to verify the response of OWT in a conventional method. The tower and monopile
are considered as Euler-Bernoulli beam element where soil resistance is considered as nonlinear
Winkler spring element. The discretized soil spring element is assumed to be attached with each
beam element of monopile in which the lateral resistance (p) against pile deflection (y) is
generated. A tubular uniform cross section of tower-monopile structure is assumed. The rotornacelle mass is considered as point mass attached on the tower top of the structure. The end of
the monopile is assumed to be supported on a roller to prevent the vertical movement and allow
the horizontal movement.
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Figure 2. Relationship between degradation parameter and strain (reproduced from Idriss
et al. 1978).
Proposed numerical model
Degradation of shear modulus is modeled according to Idriss et al. (1978) in which shear
modulus of soil degraded with increasing number of cycles. The degradation can be evaluated
with number of cycle as follows:


t
 N m   
kinitial
T 
kN

m

; if t/T < 1, δ = 1

(1)

where kN is the soil spring stiffness after N cycles of loading, kinitial is the initial stiffness of soil,
m is the degradation parameter, N is the number of load cycles, t is the solution time and T is the
period of loading. The values of m is dependent on cyclic shear strain in soil. Idriss et al. (1987)
reported the values of degradation parameter (m) for cyclic shear strain amplitude () as shown in
Figure 2. In the analysis, the average strain in the soil (avg) around laterally loaded pile is
considered for the estimation of m from Figure 2. The avg is estimated is given by (Lombardi et
al. 2013),
 avg  2.6


D

(2)

where Δ and D are the lateral deflection and the outer diameter of the monopile respectively. At
the first step, the dynamic analysis is carried out considering initial soil stiffness which is
estimated from API (2011) based p-y curves. The avg in the soil spring is estimated based on the
deflection in each soil spring for the applied load at each time step. The degradation parameter
(m) is estimated from the values of avg and the degradation factor δ is estimated from Eq. (1).
Subsequently, degraded stiffness is assigned in each spring after N cycles of loading. Note that,
N load cycles is calculated from the solution time (t) and time period of loading (T) as indicated
in Eq. (1).
VALIDATION OF THE PROPOSED MODEL
The numerical model is developed based on the parameters used in the experiment considering
degraded shear modulus of soil. The cross section of tower and monopile are modeled as
equivalent solid section. The RNA mass is modeled as point mass at the top of tower. The
numerical results are validated with numerical model considering two cases: (i) fundamental
frequency (Figure 3a) and (ii) a time series of deflection measured at the pile head at soil surface
with the number of cycles (Figure 3b). The fundamental frequency varying with number of
cycles obtained from experiment is in good agreement with the numerical model. The
comparison of time series of deflection measured from experimental result and numerical model
is reasonably good.
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Figure 3. Observed and predicted (a) fundamental frequency and (b) lateral deflection of
model OWT, when P = 2 kN and loading frequency = 5 Hz
RESULTS AND DISCUSSION
Numerical model is solved in COMSOL Multiphysics® (COMSOL, 2013) finite element
program using API based soil p-y springs and proposed degradation model. The numerical
analysis is carried out replicating the experimental model and a 5 MW OWT structure. The
maximum rotation of monopile at ground level is determined both for model structure and real
OWT after application of 10000, 20000, 30000, 40000 and 50000 cycles of loading. Loading for
model OWT is considered to be same frequency and amplitude that of the model tests. Wind and
wave loads were estimated based on DNV-OS-J101 (2010) for 5 MW OWT which are not
presented due to brevity. The frequency of wind thrust at hub height is 0.25 Hz and the

frequency of wave load is 0.1 Hz. Response is compared between proposed degradation model
and p-y based model. The maximum rotation of monopile at mudline (θpile, max) for different load
cycles is presented in Figure 4. After 50000 cycles of loading, θpile, max is found to be increased
up to 20% and 46% from the initial values for model scale experiment and proposed degradation
model respectively. It is to be noted that θpile, max is found to be constant with number of load
cycles for API based model.
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Figure 4. Maximum rotation at monopile head based on API (2011) and present study of
model scale OWT.
The rotation of monopile at mudline is obtained from numerical analysis for real 5 OWT
structure. Figure 5 illustrates rotation for different load cycles considering the proposed stiffness
degradation model and p-y based model. It is interesting to note that the rotation is unaffected by
the increased load cycles in case of p-y based model. However, the rotation is increased up to
47% after 2500 cycles considering proposed degradation model. Figure 6 shows the maximum
rotation of monopile at mudline (θpile, max) for different load cycles. It is observed that the rotation
is increased by 25% and 78% for 5000 and 25000 cycles respectively from the initial θpile, max.
The θpile, max is found to be constant after 25000 load cycles. It is interesting to note that θpile, max
does not change with load cycles in case of API based model.
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Figure 5. Rotation in a time series at monopile head based on API (2011) and present study
of prototype OWT.
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Figure 6. Maximum rotation at monopile head based on API (2011) and present study of
prototype OWT.
CONCLUSIONS
This study shows limitations of API based p-y curve for the prediction of responses of monopile
supported offshore wind turbine in clayey soil. A Winkler based soil-pile interaction model is
proposed incorporating the stiffness degradation effect with number of load cycles. The proposed
model is also calibrated with experimental results on model scale OWT in clay. The results
shows that the maximum rotation of monopile at mudline increases with the application of load
cycles whereas the rotation is found to be unaffected considering API based foundation model. It
may be concluded that the API based cyclic p-y curves may underestimate the design of
foundation of OWT structure.
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